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Higher-than-predicted saltation threshold wind
speeds on Titan
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Titan, the largest satellite of Saturn, exhibits extensive aeolian, that
is, wind-formed, dunes1,2, features previously identified exclusively
on Earth, Mars and Venus. Wind tunnel data collected under ambient
and planetary-analogue conditions inform our models of aeolian
processes on the terrestrial planets3,4. However, the accuracy of these
widely used formulations in predicting the threshold wind speeds
required to move sand by saltation, or by short bounces, has not been
tested under conditions relevant for non-terrestrial planets. Here we
derive saltation threshold wind speeds under the thick-atmosphere,
low-gravity and low-sediment-density conditions on Titan, using a
high-pressure wind tunnel5 refurbished to simulate the appropriate
kinematic viscosity for the near-surface atmosphere of Titan. The
experimentally derived saltation threshold wind speeds are higher
than those predicted by models based on terrestrial-analogue exper-
iments6,7, indicating the limitations of these models for such extreme
conditions. The models can be reconciled with the experimental re-
sults by inclusion of the extremely low ratio of particle density to fluid
density8 on Titan. Whereas the density ratio term enables accurate
modelling of aeolian entrainment in thick atmospheres, such as those
inferred for some extrasolar planets, our results also indicate that for
environments with high density ratios, such as in jets on icy satellites
or in tenuous atmospheres or exospheres, the correction for low-
density-ratio conditions is not required.

Data from NASA’s Cassini spacecraft show extensive linear dunes
covering Titan’s low latitudes1,2. Unlike the silicate material that comprises
most sand on terrestrial planets4, the dune sand on Titan is either organic
or organic-coated water ice9, with likely densities of 0.4–1.5 g cm23

(see discussion in ref. 10). In view of the deposition of organic aerosols
from the atmosphere, the distinct compositions of dune and interdune
surfaces suggest recent dune activity9. However, models of the present-
day atmosphere give predominantly easterly (east-to-west) winds on
the basis of conservation of angular momentum (see discussion in
ref. 11), in contrast to the westerly (west-to-east) flow inferred from
the streamlined appearance of dunes around topographic obstacles to
the flow1,12.

Knowledge of the threshold wind speed on Titan is fundamental to
resolving this and other questions in Titan science. The dunes constitute
one of the largest organic material reservoirs in the outer Solar System,
and understanding how this material is mobilized across Titan depends
on accurate understanding of threshold values. Knowledge of thresh-
old wind speed is also necessary to model sand fluxes and dune migra-
tion rates13, as well as the relative effectiveness of competing resurfacing
processes2, including aeolian sedimentation and abrasion.

Threshold friction wind speed (u*t) is defined3,4 as a function of A, a
dimensionless proportionality parameter dependent on both the parti-
cle Reynolds number at threshold friction wind speed (Re*t 5 u*tDp/n;
Dp, particle diameter; n, kinematic viscosity) and the interparticle
forces (Ip ; Ip(Dp)), and also as a function of particle, fluid and gravity
characteristics:
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Here rp and r are respectively the particle and fluid densities and g is
the acceleration due to gravity at the surface of Titan. Most of these func-
tional parameters can be either set or derived in boundary-layer wind
tunnels3,4 to quantify threshold wind speeds under a variety of bound-
ary conditions. Compensation for functional parameters that cannot
be set, for example g, is accomplished through data analysis and mod-
elling. Experimental similitude parameters with values that approx-
imate those of the natural setting ensure that atmospheric conditions
are similar for the aeolian processes under investigation. Wind tunnel
studies have yielded threshold wind speeds for particle motion on Earth,
Mars and Venus4. For this work, we refurbished, and conducted exper-
iments in, the high-pressure boundary-layer wind tunnel formerly used
to simulate Venusian conditions5. The purpose was to simulate the con-
ditions of aeolian saltation threshold on Titan. We refer to this facility
as the Titan Wind Tunnel (TWT; Fig. 1 and Methods).

Previous publications have been equivocal in stating or suggesting the
correct similitude parameter—kinematic viscosity14,15, static pressure4,16,17

or density5—for saltation threshold experiments. We infer that the correct
similitude parameter for determining threshold is kinematic viscosity,
the ratio of molecular viscosity (m) to fluid density (Methods). To match
the kinematic viscosity of the surface atmosphere on Titan at terres-
trial temperatures requires an absolute air pressure of ,1.25 3 106 Pa
(Extended Data Table 1). With this simulation, the fundamental phys-
ics governing particle threshold on Titan is reproduced. This physics is
not achieved in wind tunnels designed to simulate conditions on Earth
and Mars, and so model extrapolations to Titan conditions from exper-
iments in those tunnels are questionable.

Our methodology for deriving threshold wind speeds on Titan (see
Extended Data Fig. 1 for a flowchart) begins with the derivation of thresh-
old friction wind speeds in the TWT (u*tTWT) for sediments of various
sizes and densities (Methods and Extended Data Table 2). The exper-
imentally derived values of u*tTWT were compared with predictions of
the experimental conditions from two recognized models of thresh-
old fiction wind speeds, one model originally published by Iversen and
White6 and the other by Shao and Lu7 (Methods). This comparison
shows that the experimentally derived values are consistently ,40–50%
higher, outside of uncertainty estimates, than predicted by either model
(Extended Data Fig. 5; for calculation of uncertainty estimates, see
Methods). These TWT threshold friction speeds were then converted
to threshold friction speeds for the Titan surface (u*tTitan) for both
models (Methods) and again compared with predictions from the two
models (Fig. 2 and Table 1). We modified the Iverson–White model to
give the interparticle force term the same dependence on Dp as in the
Shao–Lu model (Methods), to facilitate comparison between the model
results. The modified Iversen–White model underestimates the experi-
mentally based values of u*tTitan by ,40–50%. The Shao–Lu model also
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underestimates the values by ,40–50% (Methods). Thus, the experi-
mentally based threshold values for Titan conditions are higher than
predicted by either model.

Correcting the models requires shifting the model curves to match the
experimental results. Algebraic analyses of various model formulations6,8,18

suggest the most reasonable approach to accomplishing this shift. As a
specific form of equation (1), the complete formulation may be written

u�t~A1
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where A4 is a constant that quantifies the interparticle force and (rp/r)
is a density ratio term (note the distinction between g and ). The value
for A4 in the various model formulations varied by roughly an order of
magnitude (Extended Data Table 4) depending on whether the expo-
nent for the particle diameter was fitted to the data or assumed, but this
variation did not significantly change the magnitude of the curve. The
Reynolds number dependence, f(Re*t), has been derived on the basis of
fitting to diverse data sets for discrete Reynolds number ranges4,6, and
so is unlikely to be significantly in error. A ,40–50% increase in the
value of A1 would correct the underestimation by the Iversen–White
model, but the A1 values have also been derived from fitting to a broad
experimental data set, and a physical reason to change its value by 40–
50% is not obvious.

The magnitude of the modified Iversen–White model curve may also
be increased through the inclusion of a density ratio term, (rp/r). This
term was introduced to improve the model fit to experimental data for
Venus-analogue conditions, data that, like the TWT data, were higher
in value than predicted8. The density ratios for the TWT experiments
(,80–200) and for Titan (,200) are similar to each other and to the
value for the Venus-analogue experiments (,40), which (under density
similitude) matches the value for Venus. In comparison, the density ratios
for Earth and Mars are of orders 103 and 105, respectively. Inclusion of
the density ratio for Titan conditions shifts the modified Iversen–White
model curve up, increasing the minimum u*tTitan value by ,50%, to
a value approximately equal to that of the Shao–Lu model (Table 1).
Inclusion of the density ratio term in the Shao–Lu model similarly shifts
the corresponding curve up, although the model still underestimates
the experimentally derived data, especially at large particle sizes (Fig. 2).
The median value of the interparticle force coefficient suggested by
Shao and Lu7 (c 5 0.3 g s22) predicts a larger optimal particle diameter
than is derived here, and so we use their minimum value of 0.1 g s22,
shifting the optimal diameter to smaller sizes (Table 1). Whereas the
Iversen–White model and the Shao–Lu model compare well for Earth
and the various Martian conditions7, they show an observable differ-
ence for Venus7 and, with the modified Iversen–White model, an even
greater difference (,100% around a near-optimum Dp of ,200 mm)
for Titan (Fig. 2). That both Venus and Titan have comparably lower
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Figure 2 | Experimentally derived threshold fiction wind speeds on Titan.
The dashed lines are the nominal models by Iversen and White6 (IW) and
by Shao and Lu7 (SL). The solid lines are the nominal models with the density
ratio term8. For the nominal Iversen–White model, we use K 5 0.055 g s22,
where K is equivalent to A4Ip in the interparticle force term, and n 5 2, where
n is the exponent of Dp in the generalized interparticle force term (equation (6)
in Methods, following ref. 8; Extended Data Table 4). This modification
makes the interparticle force (Ip) proportional to Dp as in the Shao–Lu model,
thereby facilitating comparison between the two models. The modified
Iversen–White model (experimentally derived data in black symbols) is plotted
for equations 5 (0.03 # Re*p # 10) and 6 (10 # Re*p) in ref. 6 (equations (7)
and (8) in Methods), with the transition between the two particle friction
Reynolds number regimes at ,200mm. The Shao–Lu model (experimentally
derived data in grey symbols) is plotted for equation 24 in ref. 7 (equation (9) in
Methods) for the nominal value of AN (0.0123), where AN is the dimensionless
proportionality parameter for the Shao–Lu model, and the lowest value for
c (0.1 g s22), where c controls the interparticle force, as determined from
optimizing the fit of the u*tTWT data to the model (Extended Data Fig. 5).
Vertical bars show standard deviation uncertainties in speed for the number of
data points indicated in Extended Data Table 2; see Methods for the approach
to calculating the uncertainty.
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density ratios than both Earth and Mars substantiates the use of the
density ratio to correct the Titan model curves.

The density ratio term was originally derived algebraically from a
balance of forces for threshold conditions that include grain impacts8.
However, the data of record in our TWT experiments were the obser-
vations made during increasing wind speeds, before significant upwind
saltation began. Thus, they probably correspond to the fluid threshold,
that is, the wind speed at which particles are first entrained by the fluid
flow. By analogy with Titan (and Venus)19, the fluid threshold in the TWT
(and Venus Wind Tunnel) experiments is lower than the impact thresh-
old, that is, the lowest wind speed necessary to maintain saltation after
initiation, and so would be encountered first as wind speed is increased.
We thus infer that our experimental data, probably like those for the
Venus Wind Tunnel5, record fluid thresholds without contributions
from grain impacts. We infer A1 to be a function of drag and moment18.
That both A1 and the density ratio term shift the Iversen–White model
curve implies that a low density ratio affects the drag and moment in
some fashion.

Our experimentally derived results provide parameters for improved
modelling of sand transport on Titan. The threshold friction wind speeds
(Fig. 2), translated into fluid shear stress (tt 5 ru*t

2) (Fig. 3), provide
values for numerical simulation of aeolian sediment flux. They can also
be translated into threshold freestream wind speeds (no longer affected
by surface friction) at specific elevations (Fig. 3) for use in atmospheric
modelling or for comparison with model results. Greater threshold wind
speeds increase the geomorphic effectiveness of winds that are strong
enough to exceed threshold speeds, while eliminating the effect of weaker,
although possibly more frequent, winds. Thus, the higher-than-predicted
threshold wind speeds on Titan support a scenario in which only rare
strong westerly winds, instead of prevailing easterlies, control the elon-
gation of Titan dunes11. However, our experimentally derived threshold
values at an altitude of 300 m (Fig. 3) exceed the reported model thresh-
old values at this height11, and so use of the new threshold values in
modelling dune elongation is necessary to test this hypothesis. Although
the interparticle force is unknown on Titan, it is unlikely to be less than
on Earth (Methods). If the dune sand on Titan is ‘sticky’20, then the ex-
perimentally derived high threshold wind speeds would underestimate

the true threshold wind speeds, potentially further enhancing both the
geomorphic effectiveness of stronger (westerly) winds and the differ-
ence between the experimentally derived and modelled threshold
winds.

These results demonstrate the importance of including the density
ratio term in calculating threshold friction speeds in thick atmospheres,
as are likely to occur on some near-Earth-size extrasolar planets21,22.
Conversely, they help to substantiate its relative unimportance8 in model-
ling high-density-ratio conditions (rp/r . 1,000). Thus, for other extreme
aeolian conditions, including transport by plumes on Triton23, jets on
comets24 or winds on Pluto, entrainment may be modelled by the mod-
ified Iversen–White6,8 formulation without the density ratio term. Under
such low-gravity, low-sediment-density conditions, correct formulation
of the interparticle force becomes especially significant. Whether either
the modified Iversen–White model or the Shao–Lu model adequately
represents the interparticle force term, given its complex dependence
on particle characteristics25, is a question for future research.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Titan Wind Tunnel. The TWT (Fig. 1), a remodel of the Venus Wind Tunnel5,26,
is a closed-circuit, high-pressure, boundary-layer tunnel. Flow is generated by an
eight-bladed fan rotating at a rate of up to 2,500 r.p.m. Downwind of the fan, ten
curved tubes, each 5 cm in diameter, prevent flow separation and minimize turbu-
lence and secondary flow. Downwind of these flow straighteners, a settling cham-
ber further damps turbulence and traps material before entering the test section.
In the test section, at pressures necessary to simulate Titan kinematic viscosity at
standard temperature (12 bar; Extended Data Table 1), the fan drives air flow at
freestream speeds (u(z)) of up to ,6.5 m s21. Downwind of the test section, a dif-
fuser expansion section prevents material from recirculating with the gas flow and
impinging on the fan or plugging the fixed pitot tube, located downwind of the fan.

The test section is 122 cm in length and 20.3 cm in interior diameter, and moves
laterally on rails into or out of its position within the wind tunnel. Floor plates—
either the calibration plate with a traversable pitot tube or the experimental test plate
with no pitot tube—have the same length as the test section and are 18 cm in width.
When inserted into the test section (Extended Data Figs 2 and 3), they rest against
the inside walls. The test section has two stations for observing the test bed: a single
upwind observation port 30 cm from the upwind end of the test section, and three
downwind observation ports, including two ports on either side of the test section
identical to the upwind port and a smaller port on top to enable illumination of the
test bed.

The TWT operates with pressurized air that is desiccated by an Airtek TW250
dryer to dew point of 240 uC. Temperature variations are negligible given the large
fluid mass within the tunnel. Static pressure is monitored visually using a calibrated
gauge.

The TWT is fitted with a custom-made, high-pressure, high-temporal-resolution
transducer supplied by the Tavis Corporation. Wind speed data, both for calibra-
tions and threshold wind speed information, were collected using pitot tubes (see,
for example, Extended Data Fig. 3b) connected to this transducer. Pneumatic lines
from the pitot tube exit from beneath the plate to a signal pass-through port in the
bottom of the test section. The electrical lines that supply power and control to the
instrument and enable data capture are run to a laptop computer through the same
pass-through. The pneumatic lines run through the stack valve to the dynamic pres-
sure transducer. Transducer output consists of voltage as a function of dynamic
pressure according to manufacturer-supplied calibration curves. These dynamic
pressures, in turn, are converted to freestream wind speeds at height z as

u zð Þ~(2Pdyn=r)1=2 ð3Þ

where Pdyn is the dynamic pressure of the gas (air) and is a function of z
(Pdyn 5 Pdyn(z)).
TWT calibration. Derivation of threshold friction wind speeds in the TWT entailed
initial collection of wind tunnel calibration data (Extended Data Fig. 4). Different
types of calibration data were required.

(i) Although wind speed (dynamic pressure) data were required in the test section,
where threshold was observed, the traversable pitot tube in the test section had
to be removed during experiments to prevent clogging or disruption of air flow.
Dynamic pressure data were collected instead using the fixed pitot tube on the
opposite side of the wind tunnel (Fig. 1). Thus, a correlation curve was derived to
convert the freestream wind speed data collected during experiments with the
fixed pitot tube into equivalent freestream wind speed data in the test section. We
constructed this curve from three separate calibration runs (interspersed with
threshold data collection runs) at fan motor speeds up to 105% of maximum rated
speed in 20% increments. During these runs, voltage data from the transducer
were collected independently and alternately from the traversable pitot tube and
from the fixed pitot tube by switching the stack valve to read either the fixed pitot
or traversable pitot for the same fan motor speed increment. Those voltage data
were converted to dynamic pressures using the manufacturer’s curves and then
from dynamic pressures into freestream wind speeds using equation (3). The resul-
tant correction curve is u(z)TWT 5 1.49u(z)fixed pitot 2 0.426, where u(z)fixed pitot is
the freestream wind speed at the fixed pitot and u(z)TWT is the freestream wind
speed in the test section. Both the fixed pitot and (during this calibration) the tra-
verse pitot in the test section are within the boundary layer, and so record free-
stream wind speeds.

(ii) Freestream wind speed at height z, u(z), is related to friction wind speed, u*,
according to the ‘law of the wall’,

u zð Þ~(u�=k)ln z=z0ð Þ ð4Þ

where k is the von Kármán constant (0.41) and z0 is the roughness height, that is,
the distance above the surface at which the wind speed is zero. Thus, to convert the
freestream wind speeds at threshold (u(z)t) into the desired friction wind speeds at

threshold (u*t) requires knowledge of the roughness height. Equation (4) can be
linearized to

ln zð Þ~(k=u�)u zð Þzln z0ð Þ ð5Þ
In aeolian studies, this roughness height is commonly derived by measuring a wind
speed profile to construct the relationship between height and freestream wind
speed3. As indicated by equation (5), the y intercept of a plot of ln(z) versus u(z) is
ln(z0), such that the value of e(y intercept) gives the roughness height.

To derive the roughness height, we performed a series of calibration runs to
determine the boundary-layer profiles. A calibration plate of aluminium was cov-
ered with 100-grit sand paper (grain diameters of 125mm), and a traversable pitot
tube assembly with a stepping motor assembly was installed at the downwind end
of the plate (Extended Data Fig. 3b). The stepping motor raised the pitot tube in
logarithmically increasing steps above the plate to a maximum height of ,4.3 cm,
well into the freestream (Extended Data Fig. 4). At each step, the dynamic pressure
from the pitot tube was read over a 10 s interval by the transducer. The voltage from
the transducer was sent to a data acquisition module manufactured by Measure-
ment Computing Corporation, and was processed and recorded by TracerDAQ
software on a laptop computer. After data collection, voltages were converted to
dynamic pressures using the appropriate pressure-dependent correlation curve pro-
vided by the transducer manufacturer (Tavis Corporation), and these dynamic
pressures were in turn converted to freestream wind speeds using equation (3).
These boundary-layer data taken at different wind speeds show that the freestream
boundary layer begins at z < 1.9 cm, such that the pitot tube reached well into the
freestream and the boundary layer was fully developed, and that z0 < 0.003 cm
(Extended Data Fig. 4).

These calibration runs were conducted at fan motor speeds of 20% to 80% of the
maximum rated speed, increasing in 10% increments. We used the average value
of these multiple calibration runs. The same data are also used to derive u*, which
is used in uncertainty estimates (see below).
Kinematic viscosity as similitude parameter for threshold experiments. Kine-
matic viscosity (n), is the ratio of molecular viscosity (m) to fluid density (r). For a
particle of a given diameter, kinematic viscosity is a fundamental control on the
relative importance of lift and drag forces, which is quantified by the particle
friction Reynolds number:

Re�p~u�Dp=n~u�Dpr=m

Here Dp is the particle diameter and u* is the friction wind speed. The particle
friction Reynolds number is a controlling parameter in the formulation for thresh-
old friction wind speed (equation (1)). For smaller particles, threshold is controlled
largely by the viscous (or laminar) sublayer, of thickness dv, within which the flow
regime is linear and the mechanics of particle detachment differ from those in the
turbulent regime19. The thickness of this viscous sublayer is proportional to the
kinematic viscosity and inversely proportional to the friction speed:

dv<5n=u�<5m=ru�

Thus, correctly simulating the kinematic viscosity is necessary in deriving thresh-
old friction wind speeds, providing the correct ratio of lift and drag forces, and
simulating the viscous sublayer thicknesses.
Selection and preparation of experimental sediments. The experimental sediments
were chosen to encompass a range of densities, median particle diameters (Dp) and
particle diameter ranges (Extended Data Table 2). This distribution includes sedi-
ments believed to be similar in size to the sand on Titan and of equivalent weight
for both organic and water ice compositions. In addition, the experimental matrix
includes several sediments of both larger and smaller grain sizes and various den-
sities, to give more complete coverage of the wind-speed/particle-diameter space
for more robust comparison with threshold models.

After sieving, the experimental sediments were added to the test plate within the
test section and smoothed to ensure complete coverage with a consistent thickness
(,1 cm) (Extended Data Fig. 2). The test section was rolled back into alignment with
the tunnel, which was sealed and pressurized with dry air (dew point at 240uC).
Relative interparticle forces of experimental and Titan conditions. We set con-
ditions in the TWT to mimic cohesive forces expected for Titan. The largest con-
tributor to interparticle force on Earth (that is, humidity) is due to the polarity of
water molecules, but water vapour and other polar molecules are lacking in Titan’s
atmosphere. Thus, the experimental sediments in the TWT are dry, as noted above,
so that cohesive forces due to the polarity of the water molecules are negligible, as is
the case for sediments on Titan. The values for interparticle force in the threshold
models that were fitted to the TWT data can be computed as the product of the inter-
particle force term (Extended Data Table 4) and a representative grain diameter,
taken to be ,200mm, the approximate optimal particle size for saltation on Titan
(Fig. 2). In the modified Iversen–White model, the interparticle force at that particle
size is ,11 nN, and for the Shao–Lu model the value is ,20 nN. For comparison,
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atomic force microscopy experiments derive pull-off forces for ,200mm-diameter
hydrophobic particles under dry conditions of ,10 to 500 nN (refs 25, 27). Calcu-
lation of interparticle force for ‘clean’ particles of that diameter using relationships
derived from lunar soils28 suggests even higher values, of ,3,600 nN. On terrestrial
bodies, sediment cohesion may be enhanced by electrostatic forces generated by
friction between both rocky and icy (snow) particles29, and the blown sands on Titan,
being composed of organic compounds or water ice (or both), probably experience
similar electrostatic forces. Other processes, such as wetting by liquid hydrocar-
bons, may enhance these high cohesion values even further. Thus, it is unlikely that
the cohesive forces on Titan will be less strong than in these wind tunnel experi-
ments. Therefore, the threshold wind speed models derived from these experiments
probably represent minimum values, exacerbating the mismatch between the data
and the models. The morphology of the dunes, which could be interpreted as
evidence for unusually high sand cohesion20, provides some supporting evidence
for high cohesive forces on Titan. Further work is required to quantify the magni-
tude of interparticle forces for wind-blown sediments on any planetary body19,29.
Collection of threshold wind speed data. Following established procedures5,16,18,
we momentarily increased the wind speed until motion was briefly observed, to
remove perched grains or otherwise easily moved grains from the bed, thereby mak-
ing the surface similar to that expected to exist at equilibrium in an aeolian envir-
onment. Threshold wind speed data were then collected by observation of motion
in the test section. Our interest is in the fluid (or static) threshold, the wind speed at
which particles are first entrained by the fluid flow, as distinct from impact thresh-
old, the lowest wind speed necessary to maintain saltation after initiation. For these
fluid threshold data, fan motor speed was gradually increased while visual observa-
tions were made of five stages of grain motion, namely first motion, flurries, patches,
motion of ,50% of the longitudinally central portion of the bed, and motion of
,100% of the bed (Extended Data Table 3). The fan motor speed was then decreased
as similar stages were noted in reverse.

We define threshold as 50% of the bed in motion, indicating that one-half of the
grains have exceeded threshold and the other half have not. We focus on the longi-
tudinally central portion of the bed to avoid effects along the walls. Early work defined
threshold as ‘‘the lowest … speed at which the majority of exposed particles … are
set in motion’’ and ‘‘general motion of the exposed particles’’18 or ‘‘movement of
particles over the entire bed’’16, consistent with ref. 3. If ‘general motion’ indicates
that the entire bed is in motion, our definition of 50% of the bed in motion is equally
or more conservative—tending towards lower wind speeds—than the definitions
in these references. Later work by some of the same authors defined threshold as
the wind speed at which ‘‘groups of grains began to saltate’’ such that ‘‘at slightly
higher wind speeds, saltation was a continuous cloud of particles’’5. In our observa-
tions, motion of 50% of the bed occurred as groups of saltating grains and imme-
diately preceded continuous saltation over the entire bed. Thus, our definition of
threshold seems qualitatively consistent with this definition as well. Because of our
focus on fluid threshold, we use the value for motion of 50% of the bed during
increasing wind speeds.

Observations of grain motion were made by two independent observers at both
the upwind and downwind viewing ports to provide confirmation of motion. The
observations from the downwind port are considered the threshold data of record
because the ,80 cm fetch allows for development of the turbulent boundary layer
and for any anomalous effects from the leading edge of the test plate to damp out.
The observations focused on roughly the central third of the bed along its hori-
zontal axis (that is, perpendicular to the wind stream) within the field of view to
avoid anomalous conditions associated with the side walls of the test section.

Voltages from a high-precision, high-pressure transducer connected to the fixed
pitot tube in the freestream were continuously recorded throughout each experi-
ment. As each grain motion stage was observed in the test section, the time and fan
motor speed were noted. Data on grain motion stages were collected during three suc-
cessive runs from the same bed of material and showed excellent reproducibility.

The continuous voltage data were then converted to threshold friction wind speeds
in the test section. This conversion entailed first using the manufacturer-supplied
calibration curves of transducer voltage verses applied pressure to derive the dynamic
pressure. These dynamic pressures were then converted to freestream wind speeds
(using equation (3)), effectively creating a look-up table of wind speed by time. The
recorded times for each grain motion stage were used to query this look-up table to
find the wind speeds at each grain motion stage, including threshold. The correla-
tion curve to convert freestream wind speeds derived from the fixed pitot tube into
equivalent freestream wind speeds in the test section was then applied (see Fig. 1 for
pitot tube locations). Finally, these threshold freestream wind speeds were trans-
lated into threshold friction wind speeds, u*tTWT, according to the ‘law of the wall’,
(equation (4), in which z, the freestream wind speed height, is derived from appro-
priate boundary layer curves (Extended Data Fig. 4)).
Models used for comparison of TWT threshold friction wind speeds. Model of
Iversen and White. This model4,6 is based on mathematically fitting data from

terrestrial and low-pressure planetary-analogue wind tunnel experiments. The form
of the model is

u�t~A1f Re�tð Þ(½1zK=(rpgDp
n)�(rp=r)gDp)1=2 ð6Þ

where u*t 5 A((rp/r)gDp)1/2 is the original equation (derived in ref. 3). Comparison
with equation (1) shows that A 5 A1f(Re*t) and that the term (1 1 K/(rpgDp

n))1/2,
in which K 5 0.006 g cm0.5 s22 and n 5 2.5, is an expression for the importance of
interparticle forces relative to gravity. However, previous18 and subsequent iterations8

of this model used an a priori proportionality of Ip to Dp (n 5 2), for which the
(fitted) value of K is 0.055 g s22 (Extended Data Table 4). In this work, we modify
the Iversen–White model by using K 5 0.055 g s22 and n 5 2 (after ref. 8) to facil-
itate its comparison with the Shao–Lu model7.

Model of Shao and Lu. This model7 is a deliberate simplification of the Iversen–
White model4,6, replacing the modest dependence of A on Reynolds number with
a constant. Unlike Iversen and White4,6 but consistent with the previous18 and
subsequent8 iterations of the Iversen–White model, the Shao–Lu model sets Ip

proportional to Dp.
Conversion to threshold friction wind speed on Titan. The TWT simulates the
kinematic viscosity of flow around the grains but not the atmospheric density, the
gravity of Titan nor the variation in A, as required in the model of Iversen and
colleagues6,8,18 (formulated in equations (1) and (2)). On the basis of equation (1),
conversion of the threshold friction speed from the wind tunnel, u*tTWT, to the
threshold friction speed on the surface of Titan, u*tTitan, may be implemented as:

u�tTitan~u�tTWT ATitan=ATWTð Þ½ gTitan=gTWTð Þ(rTWT=rTitan)�1=2

Although the direct correction for gravity and particle density is trivial, correcting
for A (which depends also on the particle Reynolds number and the particle size)
is more complex. Our approach was to compute theoretical values of u*tTitan and
u*tTWT as functions of particle size using the appropriate expression for A and cor-
responding parameters4,6. We then multiplied the u*tTWT values (Extended Data
Fig. 5) by the ratio (u*tTitan/u*tTWT)theoretical (Extended Data Fig. 6) to translate
these experimentally derived wind speeds to Titan surface conditions (u*tTitan),
using a density for Titan sediment of 1 g cm23.
Comparison of u*tTitan with models. Model of Iversen and White6. For the modi-
fied Iversen–White model, we use K 5 0.055 g s22 and n 5 2 (following ref. 8). This
modification to the Iversen–White model gives the same dependence of interpar-
ticle force (Ip) on Dp as the Shao–Lu model, thereby facilitating comparison between
the two models. For this model, u*tTitan was found by first determining the Reynolds
number range (Re*t $ 3) for the relevant particle sizes (10mm # Dp # 1,000mm)
and flow speeds on Titan. For this range of particle Reynolds number, both expres-
sions for A from the Iversen–White model are used. These expressions are

A~0:129 1z
0:055
rpgD2

p

 !1=2

1:928Re�t
0:092{1

� �1=2 ð7Þ

for 3 # Re*t # 10 and

A~0:120 1z
0:055
rpgD2

p

 !1=2

1{0:0858e {0:0617 Re� t{10ð Þ½ �
� �

ð8Þ

for Re*t $ 10 (refs 4, 6). From equations (1), (7) and (8), we calculated values of
u*tTWT and u*tTitan for the actual values of Dp used in our experiments, calculated
the ratio of u*tTitan to u*tTWT as a function of grain size (Extended Data Fig. 6), and
multiplied these ratios by u*tTWT to get u*tTitan as a function of grain size.

Model of Shao and Lu7. The Shao–Lu model assumes that the coefficient A is
only weakly dependent on the particle friction Reynolds number. In addition, aero-
dynamic drag and lift are balanced by cohesion and gravity (both functions of grain
size), so that the threshold is dependent only on grain size. Thus, A is reduced to a
constant (AN) and the remainder of the expression may be expressed as a function
of particle size with an empirical constant (c) for interparticle forces, as follows:

u�t~(AN ½(rp=r)gDpzc=(rDp)�)1=2 ð9Þ

Here AN has a value of approximately 0.0123 and c is approximately 0.3 g s22.
For the Shao–Lu model, like the Iversen–White model, conversion of u*tTWT to

u*tTitan entailed multiplying by (u*tTitan/u*tTWT)theoretical (Extended Data Fig. 6)
and using the given value of AN (0.0123) and the lowest value within the indicated
range of values for c (0.1 g s22) as derived for the TWT data (Extended Data Fig. 5).
Lower c values effectively decrease the interparticle force, causing the transition
between dominance by interparticle forces and dominance by gravity to shift to
smaller grain sizes. This shift leaves the curve unchanged at the largest particle diam-
eters and moves it down at smaller particle diameters. With this shift, the nominal
Shao–Lu model underestimates u*tTitan by 40–50% at all particle diameters. Lower
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values of c are outside the range indicated by Shao and Lu7 on the basis of data on
terrestrial planets.
Uncertainty estimates. We calculate uncertainties in our results for the TWT
(Extended Data Fig. 5) as explained below. In this explanation, we provide example
values for one sediment type, 175–250mm silica sand (see, for example, Extended
Data Fig. 2). Data for this sediment were collected on three runs (T-13-135, T-13-
136 and T-13-137). Threshold (50% of the bed in motion) was not observed during
T-13-136. That is, as fan motor speed was increased during the experiments, we were
not always able to identify accurately or quickly enough when the bed transitioned
from less than 50% of the bed in motion (‘patches’; see Extended Data Table 3) to
more than 50% of the bed in motion. Such non-identifications, as for T-13-136,
reduced the number of data points for any series of three or four runs per sediment
type.
A. Voltage as measured at the fixed pitot at threshold. The uncertainty in the volt-
age recorded at the time that threshold is observed is due to two factors.

N Transducer uncertainty. We quantify this fractional uncertainty as the ratio of
the ‘Deviation (mV)’ and the ‘Output Voltage (VDC)’ (VDC, d.c. voltage in volts)
recorded in the manufacturer’s transducer calibration data. The maximum frac-
tional uncertainty over the entire range of test pressures is always #1%. 1% is
taken as a standard, conservative value.

N Voltage variability. The fractional uncertainty in the voltage variability is the
standard deviation of the population divided by the average voltage. This uncer-
tainty is calculated for the ten seconds after threshold is observed. For T-13-135,
the average voltage is 20.73 VDC, the standard deviation is 0.019 VDC and the frac-
tional uncertainty is 0.024 or 2.4%. For T-13-137, the average voltage is 20.77 VDC,
the standard deviation is 0.019 VDC and the fractional uncertainty is 0.027 or 2.7%.

Because these uncertainties in the voltage at threshold are random and inde-
pendent, they are added in quadrature. For the two runs of 175–250mm silica sand
for which threshold was observed, the results are 2.6% and 2.9%.
B. Conversion from fixed pitot voltages to pressures. Conversion from voltage to
dynamic pressure is done using the manufacturer-supplied linear calibration
curves, for which the uncertainty is ,0.01%. Given the linear shape of the curves
and their small uncertainty, we consider this uncertainty to be negligible.
C. Conversion from fixed pitot pressures to fixed pitot freestream wind speeds.
Dynamic pressure from the fixed pitot tube as recorded by the transducer is con-
verted to wind speed according to equation (3), where r is calculated using the
universal gas law (as indicated in Extended Data Table 1). The static pressure (P)
for this calculation is measured with a precision of ,0.5% using a calibrated gauge.
The temperature in the wind tunnel is taken as the temperature in the room (the
Planetary Aeolian Laboratory), which is measured with a calibrated thermometer.
Thus, the fractional uncertainty in density (dr/r) is the fractional uncertainty in
the static pressure (dP/P), and is taken to be 0.5%.

The fractional uncertainty in the wind speed (du/u) at the fixed pitot is derived
by propagating uncertainties in the dynamic pressure (Pdyn) and the density (r):

du=u~ 1=2ð Þ½(2dPdyn=Pdyn)zdr=r�
To average these uncertainties for the two runs for 175–250mm silica sand which
threshold was observed, the fractional uncertainties in wind speed were converted
into absolute uncertainties, added in quadrature and converted back to fractional
uncertainties. For 175–250mm silica sand, the result is 3.7%.
D. Conversion of fixed pitot freestream wind speeds to equivalent freestream wind
speed in the test section. The freestream wind speeds at the fixed pitot tube are
converted to equivalent freestream wind speeds in the test section using an average
correlation curve. This correlation curve was derived from data collected during
three calibration runs interspersed with data collection runs. The data used in the
curve were those at which threshold was observed (,1–2 m s21). The fractional

uncertainty in the correlation curves derived from these three runs is used as the
uncertainty in this correlation. This fractional uncertainty is estimated to be the
ratio of the standard deviation of the population and the average wind speed. For
threshold speeds of 1–2 m s21, the result ranges from 1.5% to 0.3%. 1.5% is used as
a standard, conservative value.

The uncertainties in these two conversions above are independent and so are
added in quadrature. For 175–250mm silica sand, the result is 4.0%.
E. Determination of observational uncertainty in the freestream wind speed. Thresh-
old is determined to occur in the wind tunnel by visual observation of 50% bed
motion. Three or four experiments were run for each sediment type (unique com-
bination of material and size). For each sediment type, the variability of the wind
speed at which threshold was observed is quantified as the standard deviation of
the population, which was divided by the threshold wind speeds to yield fractional
uncertainty. For three sediment types, threshold was observed during only one
run, and so a standard deviation could not be calculated. Without the standard
deviation, the uncertainties depicted in Extended Data Figs 5 for these three (out
of 27) data points slightly underestimate the true uncertainties. For silica sand (runs
T-13-135 and T-13-137), the standard deviation of the population is 0.030 m s21,
corresponding to a fractional uncertainty of 2.2%.
F. Conversion of freestream wind speed in the test section to TWT friction wind
speed. The freestream wind speeds are converted into friction wind speeds using
the ‘law of the wall’ (equation (4)). The uncertainty in this conversion derives from
uncertainty in the roughness height. We used the value of z0 derived from the cali-
bration runs for the wind speeds at which threshold was observed (20%–30% of the
maximum rated fan motor speed). These values can be checked against theoretical
values for z0. For a roughness Reynolds number (Rer) .60, z0 5 ks/30, where ks is
the Nikuradse roughness; roughness in the transitional regime down to Rer 5 4 is
similar to roughness in the aerodynamically rough regime, and so the same formu-
lation is commonly used19. In the aerodynamically smooth regime where Rer , 4,
z0 5 m/9ru*. To capture the variability in z0, we averaged six different values: the
roughness heights at 20%, 30%, 40%, 50%, 60% and 80% of the maximum rated fan
motor speed (see, for example, Extended Data Fig. 4). The uncertainty in z0 was
characterized as the standard deviation of these values. That absolute uncertainty,
,0.0016 mm, was both added and subtracted from the average z0 to get absolute
positive and negative uncertainties, which were then converted to fractional uncer-
tainties. Adding these uncertainties in quadrature with the previous uncertainties
from step E gave the final fractional uncertainties for each sediment type. For silica
sand, the TWT fractional uncertainties are 5.4% (run T-13-135) and 4.8% (run
T-13-137).
G. Conversion of TWT friction wind speed to Titan friction wind speed. The TWT
friction wind speeds were converted to Titan friction wind speeds through scaling
by the ratio of the TWT threshold friction speeds and the Titan threshold friction
wind speeds. For silica sand (runs T-13-135 and T-13-137), this ratio is 0.4796.
Because this step consists of multiplication by a constant, the fractional uncertain-
ties do not change. For plotting in Fig. 2, all the values for each sediment type and
grain size were averaged together.

The results of this error analysis are shown in Extended Data Table 2.
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Extended Data Figure 1 | Flow chart of methodology showing the steps used
in this work. The results are threshold friction wind speed on Titan, u*tTitan,
and freestream wind speed at height z, u(z)tTitan, as a function of particle
density (rp) and diameter (Dp), and the shear stress at the surface at threshold

(ttTitan). Upright font denotes calibration data or informational text. Italic
font indicates measured wind speeds or parameters derived from measured
wind speeds.
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Extended Data Figure 2 | A view into the test section with the test plate
inserted. In this photo, the test plate is prepared for an experimental run with
silica sand.
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Extended Data Figure 3 | Close-up views of some wind tunnel elements.
a, View of the downwind end of the test section rolled out from the wind tunnel,
showing the single upwind viewing port (far left) and the three downwind
viewing ports (top of third port visible on far side of test section). The
downwind end of the calibration plate is seen within the test section (lower
right), with walnut shell and pneumatic lines visible (traversable pitot tube

within test section not visible). b, Oblique view of downstream end of test plate
after partial removal from the test section (opening visible at far left) showing
the traversable pitot tube assembly (in centre of photo). 100-grit (125mm-
diameter grains) sandpaper, for ensuring development of a representative
boundary layer, is visible to the left (upwind side) of the pitot tube assembly.
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Extended Data Figure 4 | Example plot (at 60% of the maximum rated fan
motor speed) of boundary layer data collected with the traversable pitot
tube. a, Data showing that the boundary layer is fully developed with a
freestream wind speed, u(z), of ,3.35 m s21 at a height of ,1.9 cm.

b, Linearized data illustrating how values of roughness height (z0) are derived.
Fitting a straight line to the data gives the equation y 5 0.00187x 2 5.7669 in
centimetres. Comparison with equation (5) shows that ln(z0) 5 25.7669,
such that z0 5 ,0.003 cm.
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Extended Data Figure 5 | Plots of experimentally derived threshold fiction
wind speeds in the TWT for the Iversen–White and Shao–Lu models.
For each plot, the dashed line represents the nominal model, the solid line
shows the model matched to the data using the density ratio term of ref. 8, and
the dotted line shows the model fitted to the data (x2 minimization). For the
modified Iversen–White model, we use K 5 0.055 g s22 and n 5 2 (following
ref. 8; see Extended Data Table 4). This modification makes the interparticle
force (Ip) proportional to Dp as in the Shao–Lu model7, thereby facilitating
comparison between the two models. The modified Iversen–White model6 is
plotted for their equations 5 (0.03 # Re*p # 10) and 6 (10 # Re*p) (see

equations (7) and (8) here), with the transition between the two particle friction
Reynolds number regimes at ,200mm. The Shao–Lu model7 is plotted for
their nominal value for AN (0.0123) and for their lowest value for c
(1 3 1024 kg s22) to optimize the fit. The proximity of the models with the
density ratio term (solid lines) and the models fitted to the data (dotted lines)
indicates the power of the density ratio term to match the models to the data.
Horizontal bars indicate the range of grain sizes (Extended Data Table 2).
Vertical bars show the standard deviation uncertainty in speed for the number
of data points indicated in Extended Data Table 2; see Methods for calculation
of uncertainties.
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Extended Data Figure 6 | Plot of the u*t ratios used for converting the
u*tTWT to u*tTitan. See Methods (‘Comparison of u*tTitan with models’)
for details.
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Extended Data Table 1 | Conditions necessary to achieve similitude of kinematic viscosity with the Titan near-surface atmosphere
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Extended Data Table 2 | Experimental matrix of sediments with 23 unique combinations of particle diameter (Dp) and density

This distribution of materials includes predominately materials of similar equivalent weight (mass 3 gravity) to organic materials of the predicted grain size on Titan, as well as some heavier and larger particles to
constrain the threshold curve at higher grain sizes (Fig. 2 and Extended Data Fig. 5). This table also shows the measured and derived threshold wind speeds, where ut(fixed) is the freestream threshold wind speed at
the fixed pitot, utTWT is the freestream threshold wind speed in the test section, u*tTWT is the friction threshold wind speed in the test section, and u*tTitan is the friction threshold wind speed on Titan scaled to a
particle density of 1,000 kg m23. The error values are calculated as standard deviations (Methods) and are shown in Fig. 2 and Extended Data Fig. 5. n is the number of data points, which is the number of runs for
which threshold was observed.
*Gas chromatograph column-packing material.
{Calcined diatomite.
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Extended Data Table 3 | Description of each stage of grain motion during data collection
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Extended Data Table 4 | Values for the interparticle force parameters in various formulations of the models used here

*For comparison with equation (2), K 5 A4Ip.
{The value of n 5 2 results in Ip being proportional to Dp.
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